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Terrestrial laser scanning (TLS) was used to acquire multiple topographic datasets of 23 the moraine surface at the beginning and end of the austral summer season in This research demonstrates that it is possible to detect dynamic surface 35 topographical change across glacial moraines over short (annual to intra-annual) 36 timescales through the acquisition and differencing of fine-resolution topographic 37 datasets. Such data offer new opportunities to understand the process linkages 38 between surface ablation, ice flow, and debris supply within moraine ice.
Introduction 40 41
Fine-resolution topographic data products are now routinely used for the Immerzeel In this study, we utilise fine-resolution topographic datasets to quantify the surface 90 evolution of a blue-ice moraine complex in a remote part of Antarctica. Blue-ice 91 areas cover approximately 1% of Antarctica's surface area (Bintanja, 1999 ), yet they 92 remain relatively understudied. Relict blue-ice moraines preserved on nunataks are 93 key indicators of ice sheet elevation changes; however, limited data exist on rates 94 and patterns of surface reorganisation, which may be of use for contextualising the 95 results of, for example, cosmogenic nuclide dating and geomorphological mapping 96 (Hein et al., 2016) . This research seeks to quantify the short-term surface evolution 97 of a moraine complex in Patriot Hills, Heritage Range, Antarctica (Fig. 1) , through the 98 differencing and analysis of multi-temporal topographic datasets acquired using TLS 99 and the application of SfM-MVS photogrammetry to optical imagery acquired from a 100 low-altitude UAV sortie. The study site is a blue-ice moraine complex, located on the northern flank of the The results of 3D cloud-to-cloud differencing are summarised in Intra-annual change detection mapping was undertaken using TLS-TLS and TLS-
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SfM differencing (Fig. 5c, d ). Key similarities between these two datasets, which the study area in the TLS-TLS data (Fig. 5f ), the equivalent SfM-TLS data instead 379 report the occurrence of surface lowering at the base of the hillslope spur which 380 forms the western boundary of the site (Fig. 5e) (Fig. 5, 6 ). On balance, and despite the application 394 of a sufficiently large confidence threshold to remove non-significant change from the 395 differencing results ( in Fig. 6 for intra- (Fig. 6a,b ) and inter-annual epochs (Fig. 6c) . A range of xy and TLS-SfM differencing products ( Fig. 6a and 6b , respectively). pattern of surface lowering in both datasets (Fig. 6a, 6b ).
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In contrast, total xy displacement over a >1 year period (Fig. 6c) north-eastern motion along the western edge of the site (Fig. 6c) , which also occurs 431 within season 1 (Fig. 6a) The analysis of surface profile transects shed further light on the evolution of surface 436 topography (Fig. 4) . These data are particularly useful for examining the interplay 437 between vertical and lateral moraine surface displacement, which is alluded to in Fig.   438 6. For example, a combination of surface uplift and lateral displacement between the 439 start and end of season 1 is visible between 28-40 m in profile A (Fig. 4, inset 1 ). The moraine ridges both close to, and far from the ice margin emerge as axes of 476 activity and uplift (Fig. 5c) , despite initial field observations suggesting that the ridges 477 most distant from the exposed ice surface were older and less active. However, we differencing results (Fig. 5, Fig. 6 ).
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Similarly, surface lowering appears to operate at the rear, or southern, extent of the 499 basin within season 1 (Fig. 5c,d ) and between the beginning of season 1 and the 500 end of season 2 (Fig. 5b) . However, it is characterised by surface uplift from the end 501 of season 1 to the end of season 2 (Fig. 5e,f) . This surface lowering trend may be Bollmann, E., Sailer, R., Briese, C., Stotter, J., and Fritzmann, P.: Potential of 
